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By Arthur M. Trout and EldonW= EsJJ.

Charts are presentedby whichthe jetpressureratiothat gives
optimumdivisicmof powerbetweenpropellersad jetfor maxhwn “
totalthrustpowermay be convenientlydeterminedfor any turbine-
prqeller enginewith or withoutintercooling,reheat,regenaaticq
or any ccmibinaticmof thesemodifications.Performancecurvesfor
variousenginecyclesshowthat the #etpressuremtio thatpro-
duceszmximumtotalpoweroutputalso givesminimm a wry lleEw3y
minimumspecificfuel consumption.

The method of obtainingOptiIUUMpowerdivlsim presanted
hereinis cqed for two setsof conditionswith two othermethods
thathavebeenwidelyused for obtaining approximately optimum
powerdivisiono For all conditionsinvestigated,a simpleequaticm ‘
(involvingflightvelocity,exhaust-nozzlevelocitycoefficient$and
turbineand propellerefficiencies) for the jetvelocityfor
mximum powerfroma basicturbine-propellerenginewithoutmod-
ificationsgavea valueof jetvelocityquite closeto that cal-
culatedby using the optimum jetpressureratiofouudfrom the
chartspresented.The acmracy of usingthe inlet-diffuserpres-
sureratiofor the optimumjetpressureratiodependedlarge=
on the valuesof componentefficienciesand flightconditictusused.
Becausethe thrust-powerand specific-fuel-consu@ioncurvesare
relativelyinsensitiveto a changein jetpressurerationear
the qptimum,the loss in pm and economyfrom the optimnmvalues
whau the inlet-diffuserpressureratiowas usedfor the jetpressure
ratiowas less than5 percentfor the ccmlitionsime6ti@ed.

Ofa

Xll!iROiXICTIOIJ

One of the variablesinvolvedin the designor the analysis
turbine-propelledangineis the divisionof powembetweenthe
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jetand the propeller.Althougha divisionof powerthat gives
7muimumthruatormlnimum specificfuel consumptionnay not neo-
essaailybe themost desirablewhen the load-rangecharacteristicsof
an airplanepoweredwith suchan en&Lneare considered,the general
practiceIn the analysisof turbine-propeller-engineperformancehas
been to use the poverdivisiongivingmaxhmzmthrustas the optimum.

Variousmethodshave been employedto obtaina divisionof powar
that givesmaximumthrust. A seriesof thrustoalculatiausin
whichthe Jet pressure ratio-isvariedmay be used to obtdn the .
optimumjetpressureratio,but thisprocedurerequires involved 0

calculations in orderto obtainthe optimumpressureratiofor eaoh
set of conditi~ beinginvestigated.Severalsimpleequationshave
beenderivedthatgiveapgmoxiuatevaluesof optimum$etvelocity
for.mxziraum%hruet. One suohequation(tuvolvingexhaust-nozzle
veloci@ coefficient,turbineand propellereffici6ncies$and
flightvelocity)is givenin reference1; this equation,however,
doesnot considerthe effectsof cyclemodificationssuchas
regenerationor reheat.-Moreover,determinationof the turbine
work outputis very difficultif, in additionto the turbine-$nlet
conditions,onlythe optimumjetvelocityis knowninsteadof the
optimum$etpressureratio. Another-thoa of determiningpower
distributionis employedin reference2} in whiohapproximately
optimumpowerdistribution.isobtainedby takingthe jetpressure
ratioequalto the inlet-diffusespressureratio.

Jn orderto have a Ureot and yet more exactmethodof obtain-
ing the optimumJetpressureratiofor use in calculatingthe per-. .
formanceof variousturbine-propeller-enginecyclesand to oheck
tie accuracyof the simplermethods,an aualysiswas made at the
IV&A Lewislaboratoryto obtainan e~ession for the optimumjet
pressure=tio for any turbine-propellerengine. !Cheresultsof
thisanalysisare presated in the form of chartsfromWhiohthe
jetpressureratiofor the divisionof powergivingmaximumthrust
may be obtainedfor turbine-propellerengines eithsrwith cm wi~out
intercooling,reheat,regeneration,a any conibinationof these
Moaifioations●

DESWXTION m’ ENGIKECYclz .

A sohematicdiagramof a turbtie-prqeXLerengineincorporating
all the modificationsconsideredin the analysisis pres=ted in
fiwe 10 Enginecomponentsfor the baktccycleare represented
by solidlines;additionalequipmentnecessaryfar the various
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cyclemodificationsis
and passesthrough”the
fntothe Intemooler.

3

shownby dashedlines. Air entersthe angine
inletdiffhser$the firstcompressor,and
Zn the intercooler,someof theheat from

the partlymqpressed air is givenup tb %0 air passingthrough
the coldsideof the intercooler;the cooledalr thenflowsinto
the 80candcompressorwhereit is furthercompressed.From the
second compressor, the air passes through the cold 8ideof the
regeneratorand receives heat fraz the gasespassingthroughthe
hot sideof the regenerator; the air than passes into the primary
burner Wherefuel is addedand burned. The hot gasesfrom the burner
_ ~W@ tie *sl t=btie and an+= thereheatburner,where
more fuel is addedand burned. After exp2dhg tbrcu@ the seccmd
turbine,the gasespass tbrou#hthe hot sideof the regenerator,
wheretheygiveup heat to the alr passingthrou@ the cold side;
the gasesthenleavethe enginethroughthe jetnozzle. The tu&bine
furnishesthe powerrequiredby the compressorand also ~plies
power to the piqpeller-through- reducti& gearing.

AmuzKca

Developmentof Chartsfm Determiningg optimum
Jet PressnreRatio

All.sydbols‘usedb the derivationof the chartsare
in appendixA. An equationis derivedin appendixB that

.-

dtiwa
qesses

the totalthrust per unit gBs flowfor a turbine-propellerengine
withregenerationand intercoolingin termsof operatingand &3sign
constantsand the jetpressureratio. This equatianis thendif-
fOr~ttitiawithrespectto the $etpressureratioand set equalto
zero;a gezMralqessicm containingvariousoperatingand design
constantsand the ~etpressureratiothat givesmximum *t is
therebyobtained.When thisexpressionis rearranged,the following
equationis obtainedccnqmisiagthe parameterA, whichis a func-
tionof the jetpressureratiofor maximumthrust,and the two
~ters B ~ C, whichcOntELin0p0273tq =a designCcdxmts:

where

(B29)
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Beoauseequatim (B29)oannotbe readi~ solvedfor the optimum jet
pressureratio,it has been plottedin figure2(a)for a wide rsnge
of valuesof the parametersA, B, and C. Thus the setp?essure
ratiogiving~ thrustfor any turbine-propellerenginewithout
reheatand with or withoutintercooling,regeneration,or bothmay
be determinedfromfigure2(a)by evalua~ the two parametersB
and c.

In appendixC, the followinge~ession similarto thatderived
in appendixB 3s derivtifor an enginewiti two turbinesand reheating
betweenthe turbineswith intercooling,regeneration, or both: .

“.=A*~.I&+q~).F (C7,

where

yt-1

()
~

‘6A=—
Po opt.
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In thisderivaticm,the pressureratioin eachturbinewas assmed
eq=l to the squareroot of the over+illeffectiveturbinepressure
~tiO (p4~5)e$ and the temperatureafterreheatingwas assumed

equalto the inleftemperatureof the firstturbine. The validity
of theseassumptionsis discussediu appmdix D. Equation(C7) is
plottedin figure2(@)for a widerange“M valuesof the
~ters As &, and ~. The jetpressureratiogivingmaximum
thrustfor any turbine-propellerenginewithreheatingas previously
describedand eitherwith or withoutintercooling,regeneration,
or bothmay be determinedfromfigure2(b)by evaluatingthe two
~ters q and cr. .

If the enginebeing ccnsidwed doesnot have regeneration,the
Valueof V=’ ~ ~~ters B _ C ~ fi~e 2(a)- ~

P==@=s q and Cr ti figure2(b)is takenas zero. For an

enginetith intercoollngin ccmibinationwithregeneration,a
valueof T2 mustbe calculatedfor use in parameter B of fig-

ure 2(a)or ~ of figure2(b). If the enginedoesnot have regen-

eration,however,the term involving T2 dropsout and the inter-

coolinghas no effectupan the optimum#etpressureratio$except
as the pressureloss in the intercoolercm.anincr~se in compressor

yt-1

~

()
‘2

pressureratiomay affectthe term K —PO

When the flightspeed V is zero,the propellerefficiencyqp
is also zero and parameters 8( fig. 2(a))and Cr (fig=2(b))
are indeterminate.For this conditionand also for very low fli@t
speeds(suchas take-offconditions)wherepropellerefficiencymay

. . . .— .--. —---- . .. .. ----- -. ——- --— .—---- .—-—- --- —-- ----
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be of questhxfble

e~ession 550/V

acouracy$ %/~p shouldbe replaced

&mre Q is the poundsof propeller
-t horsepow&?input.

OtherMethodsof P- Ditision

NICATN 2178

by the

*t per

The followingapproximateequatim is derivedin reference1
for the jetvOlocitythatwill givemaximumthrust~m a basic
turbine-propellerenginewithoutmodificationsif propellerand
turbineefficienciestie constant:

Vo CV2
Vj,opt = ~Q ~t’

(1)

yhere nti is the turbti8po~eppic efficiency.Ifllp&uld

~t’ are not constantwith changein jetvelocity,dlfferautial

efficietuciesmust be usedas ex@atied in reference1.

In reference2, the $etpressureratiois causiden?edequalto
the inlet-diffuserpressureratioas a meansof determhing power
distributionfor the basicturbine-propellm”engineand engineswith
intercooling,reheating,and regeneration;that is

p6 P1
. —$=— (2)

PO Po

-DIMXESIOll

In orderto comparethe method~esented hereinwith the other
methtisof obtainingpowerdivisionand to showtie rangeof values
of“jetpress~e ratioandratio of-jet to propeller‘thrustthatare
generallyencountered,calculationsweremade of the perfomsnce of
turbine-propellerengineshavingvariouscyclemodificationsfor two
conditionsof componentefficienciesand altitudeand for a rangeof
flightvelocities.The valueschosenfor the calculationsare as
fol.lm :

.

—__—. -— —-- —.,____ ____ — -- .——
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c~aiti~
,

Propellerefficiency(includingreductlm
S=’Q&np”” ””””””” ““”” 0”80

&let-diffuserefficiency,vd . . . . . . 0.85
Wmpressor adiabaticefficiahcywithout
intercooling,qc . . . . . . . . . ...0.80

Compressoradiabaticefficiencyfor each
compressorwith intercooling$TIc. . . 0.825

Turbineadiabaticefficiencywithout
reh=t~~t.===.==.=”” •00=0=~

Turbineadiabaticefficiencyfor each
turbinewith reheat, qt . . . . . . . 0.833

E@aust-nozzlevelocitycoefficient,

%“”=””. ”””” ”””” ”””” ”0”97;
Compressorpressureratio, P2/P~. . . . .

Turbine-inlettemperature,T4 (alSO

T5rtitira=t),%...... . . . 2000
Intercoolereffectiveness,qi . . . . . . 0.50
Regeneratorheatingeffectiveness,TX . . 0●70
Altitude,ft . . . . . . . . . . ..= ..0

0.95

0.95

0.90

0.913

0.95

0.943

0.975

8

2000

0.50

0.70
35,300

Valuesof conrpanentefficienciesand altitudefor conditionII
hixer thanfor cauiitianI were selectedin crderto indicatethe
greatestdifferencesbetweenthe variousmethodsthatwouldusually
be encountered.

h the cycleswith intercooling,intercoolingwas assumedto
occurat the squareroot of the over-allcompressorpressureratio.
The compressoradiabaticefficiencywas higherwith ~tercooling
thanwithout,becausean adiabaticefficiencywas calculatedfa each
compressorsuch-t the changein enthalpyfor the two conrpresscms
with zerointercoolingeffectivenesswqld be equalto the changeh
enthalpyfor the samepressureratiowith a singleccqpressor.A
similarconsiderationwas -e for the turbineefficiencyfor the
reheatcycles. The followingvaluesof the Pessure-lossfactcm K
were chosenfor both setsof conditions:

.-
. .. . ...-—--- --- .. ..—. .,—- ..—. ---. —. . . .—. ..-— ——- .- .--— --------- -- . .. —-.. ..
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Easic cycleand
ReheatCyC10

in*eicooMngcycle

Regenerativecycles

For the cycleswith titercooMng,an intercooler
of 0.045FM was used.

The thrusthorsepowerper unit es flowand

K

0.97
● 92
●89

pressure10ss

specificfuel con-
sumptionfcm inu%tie-&opelier -s rewesentativeof various
-e cyclesare shownin figure3 for a rangeof jetpressuremti.os
and a ‘flightvelocityof 500 milesper hour (733ft/see)for con- .
aitionsI and II. The $etpressureratioswere chosento give $et

velocitiesfromapproximately~ to ~ timesthe Jetvelocityfor

maxhuumthrustpower.fcm eachenginecycle. As the jetpressure
ratiois increasedfrom the lowestvalueshown>the thrusthorsepower
increasesto a maximumand then decreasesas the jetpressureratio
is furtherincreased.The jetpressure.ratioobtainedfrom fig-
ure 2 is i@icated on eachof the curvesin figure3 And occursat
themsximumtlu’ustp= for ‘eachof the cycles. h eachset of
conditicns$the optimumjetpressureratiofor maximumthrustpower
for all the cyclesccmsider~ is aboutthe same;it occurs.in a
qe of 1024 to 1.33for conditionI (fig.3(a))and 1.12 to 1.18
for ccndtticmII (fig.3(b)). A pointcorrespondingto the jet
velocitygivenby equatiq (1)appearson the curvesfor the basic
enginecycleand for the tntercoolingcycleas Well$inasmuchas
intercoolingwithoutregenerationhas no effectupon the optimum
jet velocity. = evaluatingtie jetvelocitygivenby equation(l),
the polytropicturbineefficiencyqti correspondingto the assumed
aMabatic efficiencywas used. The jetpressureratiocorresponding
to the jetvelocitygivenby equatia (1)is in goodagreementwith
the optimumjetpressureratiosfrom figure2. The jetpressure
ratioequalto the inlet-diffuserpressureratio (equaticm(2))is
also shownon eachof the curvesin figure3. Fcm condition1, the
inlet-diffuserpressureratio (1.28)falk quitecloseto the optimum
jetpressureratiofcm the variouscycles,but for conditionII the
inlet-diffuserpressureratio (1.43)is considerablyhigherthanthe
optimumjetpressureratiofor all the enginecyclesshown. The
thrusthorsepower,however,doesnot vary?wxrkedlywith a chaagein
jetpressureratioin thisregion;ccnsequantly,the decreasein
powerat the pointgivenby equation(2)is less than 5 percentfrom
themaximumvaluefor all cyclesand conditionsinvestigated./

.
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The inlet-diffuserPessure ratiocan be
&hangein flightccmditlonsor inlet-diffuser
the optimumjetpressureratiomay be changed

changedonly bya
efficiency;whereas
eitherby variations

in the f~~t conditionsor by variationsin enginecoqmnent
efficienciesand engineoperatingconditions,as may be seenby
inspectionof the parametersB and C in figure2. For a given
flightvelocity,a chsngein altitudehas very littleeffecton
eitherthe optimumjetpressureratiofoundfromfigure2 or the
jetpressureratiocorrespondingto the jetvelocitygivenby equa-
tion (1)● The Jetpressureratioequalto the inlet-diffuserpres-

N! sureratio (equatian(2))will change,however,because@ the
changein diffuserinlettewpemture. The increasein altitudefrom
condttionI to conditionII accouqtsfor a largepsrt of the increase
in jetpressureratio,as obtainedfrom equation(2). The decrease
in optimumjetpressureratioas determinedby figure2 is a result
of thehigherccmponentefficiencies.For the efficienciesof .

conditionII, but at sea-levelaltitude,the differencesbetwem the
$etpressureratioas obtainedfrom equation(2)and the optimumjet
pressureratioas foundfrom figure2 wouldbe approximatelyone-half
as greatas for an altitudeof 35,300feet.

The specific-fuel-conswqpttoncurvesin figure3 for the basic
cycleand for the cyclewith intercoolingshowthatminimumspecific
fuel consumptionfor thesecyclesoccursat the same setpressurer8tio
thatgivesmaximumthrust. This coincidmceof optimumjetpressure
ratiofor maximumthrustand minimumspecificfuel consumptionoccurs
becausethe fuelflowrequiredby turbine-pr~ellerengineseither
with or withoutintercoolingis independautof the jetpressureratio
for a fixedset of operatingconditions.l?orenginecycleswith
regenerationor reheat,however,a changein jetpressureratiowhile
constantoperatingconditionssre maintainedcausesnot onlya change
In turbinepoweroutputand consequentlyturbine-outlettemperature
but alsoa changein the‘fuelrate requiredto maintaina fixed
turbine-inlettemperature(orto maintaina fixedtemperatureat the
inletto ~ch turbinefor the enghe with reheating).Becausetie
decreasein totalthrustthatacccmrpaniesa changein the jetpressure
ratiois very smallnear the maximumoutput,a raugeexistsin which
an increasein jetpressureratiobeyondthe optimumfor maximum
thrustcausesa decreaseh the fuelrequiredthat is propmtionately
largerthn the loss in‘totalthrust;-a lowerspecificfuel consumption
therefcn?eresults. Thisprincipleis illustratedby the specific-
fuel-consumptioncurvesfor the enginecycleswithr6heator regen-
erationin figure3, whichsh~ thatmin2mumspecificfuel consumption
for thesecyclesoccursat a slightlyhigherjetpressureratiothan
the pressureratiothat givesmaximumthrust.power. The minimum
specificfuel consumptionfor thesec“ycles$howeverJis cmlyabout

- --.—- -—----- .-— .--- —--- -.. — ———-------
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1 percentlowerthanthe specificfuel consumptionat ~ thrust
for the chosenc-tions. Calculationof the jetpressureratio
thatwouldgiveminimumspecificfuel consumptionwouldbe cen- t!
siderablymore complicatedthsnthatfcm maximumtilrust;this cal- 3
Cwlationis umarranted in view of the smalld~erence in specific
fuel consuqtia between~ tbrustezldmaximumfuel economy
for engineswithregenerationor reheat.

The ratioof $et thrustto ~eller thrustfcm optimumpower
ditisionis plottedin figme 4 againstthe squareof fli@t velooity
for the sameenginecyclesand operatingconditionsthat were used
in figure3. Also shownin figure4 are curvesof optimumjetpres-
sureratiofor the basicand reheatcyclesof figure3 alongwith the
jetpessure ratiofor the basicenginethat correspondsto the jet
velocityof equation(1)and the ~etpressure=’tloobtainedfrom
“equation(2) (inlet-diffumrpressureratio);all the c-es are
plottedagainstthe squareof flightvelocity. The curvesfcm the
optimumjetpressureratioof the othercyclesof figure3 all lie
betweenthe basic-and reheat-cyclevaluesand were omittedfor
simplicity.

Increasingthe flightveloci~ ticreasesthe optimumjetpres-
sureratioand the ratioof jet thrustto propellerthrustapprox-
imatelyin propcc.’tionto the’squareof the flightvelocity(flg. 4).
For condition1, the amcqntof thrustobtainedfrom the jetwith
optimumpowerdistributionis smallIn cqparison with the thrust
obiainedfrom the propellerat lowerflightvelocities,but Increases
to as muchas 50 percautfor the basiccycleat about 600milesper
hour. F’orcond.itiauII, theratioof set thrustto propeU.m thrust
at optimumpowerdivisionis very closeto zerofor all cyclesand
flightvelocities.At 600milesper hour for the basteenginecycle,
the ratioof jetthrustl% propeller*t is only 0.03,and for the
-e cycleswithregeneration,the ratioof jet *t to propellm
thrustis negativefor all fli@htvelocities,whichindtcatesthat
optimumjetvelocityis lowerthanflightvelocityfm thesecycles●
(b fig. 4(b),the basic-and intercooling-cyclecnrvesfor the
*t ratiocoincide.)

The curveof the jetpressureratiocorrespcmdingto the jet
velocitygivenby equatian(1)is in goodagreementwith the optimum
jetpressureratiofor the basiccycleobtainedfrtnufigure2(a)
overthe rangeof flightvelocitiesconsideredfcm both setsof
uperat* Ccmdatiuns● Calculationsfor va@Ous coqxwnt efficiencies,
compressorpressureratios,and turbine-inlettempezzdnn?esshowed
thatequation(1)consistentlygave jetvelocitiesin goodagreement
with the jetvelocityfor the tasicemginecycleobtsinedby using

.. . —— ——. —-—. —-— —.-— .—-— — -
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the optimumjetpressureratiofrom figure;2(a). For condition
the curverepresentingequation(2)fallsaboutmid- between
the optimumjetpressureratiosfor the basicand reheatcycles

xl.

1,

for
the &n@ of-fli-~t velocities shotm; for condition II,“h&ever,
this curve Is muchhigherthanthe o~timumjetpressureratiosfor
all enginecyclesat all.fli@t velocities.

A constantpropellerefficiencywas assumedat all flight
velocitiesin figure4. H propellerefficiencydecreasedwith
increasingflightvelocity,the curvesfor optimumjetpressureratio
and the curvecorrespondingtb the jetvelocitygivenby equation(1)
wouldbe displaced~d highervalues;the goodagreementbetween’
the optimumjetpressureratiofor the basiccycleand the pressure
ratiocorrespondingto eguatiau(1),however,wouldnot be changed.
!Checurverepresentingequation(2) (theinlet-diffuserpressure
ratio)would>of course,remxlmthe same.

For ccditiau IIJ the cmpressor presme ratioand the turbine-
inletteqeraturewereassumedto be the sameas for condi”tianI.
Additionalcalculaticms8h~a that increasingthe compresswpres-
sureratioihcreasesthe optimumjetQressureratiosli@ily$ whereas
ticreasingthe turbine-inlettemperaturedecreasesthe optimumjet
pressureratioslightly;therefore,an increasein both compressor
pressure~tio and turbine-inlettemperaturewouldresulth about
the sameoptimumjetpressureratiosas in figure4. ‘

suMM4RYoFREsmlrs

Charts are presented hereinthatmakepossible,with a minimum
Wrminatim of the setpressureratiothatof calculations,the de

givesmaximnm*t powerfor any giventurbine-propellerengine
with or withouthtercoo~$ reheat,or regenerationor any coniblna-
tion of thesemodifications.

.

A valueof Jetveloct~ very closeto the opthum jetvelocity
for the basicenginecyclewithoutmodificatimsand for the cycle
with int=coolingwas foundby mesasof a simpleequationinvolving
flightvelocity,exhaust-nozzlevelocitycoefficient,and turbine
and propel.laefficiencies.

The accuracyof using the inlet-diffuserpressureratiof&
a

the jetpressureratioto obtainapproximatelyoptimumpowerdis-
tributionfor any turbine-propeller-enginecycledependedlargely
upn thevaluesof componentefficienciesand flightconditions
used;however,becauseboth thrustpowerand specificfuel consum@ion
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\

are relativelyinsensitiveto ohangesin jetpressurentio near
the qptimum,the loss in yowerand economyfrom the maximum
values,uhen thisapproximatemethodof powerdistributicmwas
used,was lessthan5 percentfor the conditionsinvestigated.

LewisFlight PropulsionIslloratory,
NationalAdvisoryCommitteef= Aeronautics,

Clevelaqd,Ohio,llsroh9, 1850.
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APEQWDIXA

The followingsynibolsare used in thisreport:

P

(p@5)e

(p(j/?&)pt
AP

P

Shp

T

AT

parametersused ti plottingfigure2

edmust-nozzlevelocitycoefficient

specificheat

thrust,lb

specificfuel

at constantpressure,Btu/(lb)(%)

mnsum@ion, lb/tip-ti

fuel-airratio

accelerationdue to gratity,32.17ft/sec2

meohanioalequivalentof heat,778.3ft-lb/Btu

factoraccountingfor pressurelosses,

totalpressure,lb/sqin. absolute

effectiveturbinepressureratio, (equalto
(p4@M) (p5r@5) ~ti reh-t burneror
P@5 withoutreheatburner)

optimum Jetpressureratiofor mximum totalthrust

totalpressure loss; lb/sq in.

statiu pressure~ lb/sqin. absolute

shafthorsepower

totaltemperature,%

ohangein totaltemperature,%

. .. .. . . ...—- —— —.. -.— .. . .. .. ___ —... —.-. .-— -.—. —-—--- .—.—— ----- -—
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t st&ic temperature,%

tip thrusthorsepower

v~ flightvelocity,ft/sec

V$ jetvelocityrelativeto engine,ft/sec 6

w mass flow of air, lb/see

Y =tio of specificheats

N40ATN 2178
.

“

nc compressoradiabatic
(fa ilrtercooling,
separately),

efficiencywithoutintercool~
each compressorconsidered

‘2 - ‘1

inlet-diffuserefficiency}

~[~)y’ .J

intercooler

‘1 - ‘o

‘U - ‘2ieffectiveness>_ _
T~ - T1

propellerefficiency(alsoaccountsfor reduction

gearlosses), =

.

“

,.

.—. .—-— —.—..—- ...-. —---- ---- —— .--—
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.

Tt turbineadiabaticefficiencywithoutreheat,(for
reheat,eachturbineconsideredseparately),

T4 - T5
7@n

r—

v=’ regenerator

Q
.

Subscripts:

b.

c

d

e

i,

4

opt

P

r

t

xc

Zh

‘3-T2heatingeffectiveness,—
‘5-T2

cooMng effectiveness

propellerthrustper shaftpowerinput,lb/hp

primaryconibustionchamber

compressor

inletdiffuser

effecttve

fitercooler

jet

optimumfor mxilmmlthrustpower

propellar

reheatburneror with reheating

turbine

regeneratorcold side

regeneratorhot side

3.5

. . .. ... . ._ ..__ .--. .--— —-_ —.- —.— -- —.. —-- . _. -—— —. —.. ——— —- --
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2
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l?tmiberedsubscriptsreferto stationsshownin figure1.

ambient air

cxnupressorinlet

first-ccmrpressor

4

outlet or interccml~rinlet

second-cwessor outletor regeneratorcold-sideinlet

intercooleroutletor second-comprbssainlet
,
regeneratorcold-sideoutletor conilmstion;chaniberinlet

caibustion-chaniberoutletor turbineinlet

- first-turbineoutletor reheat-burnerinlet

twcbhe outletor regeneratorhot-sideinlet

reheat-burneroutlet‘orsecond-turbineinlet

regeneratorhot-sideoutletor jet-nozzleinlet

.

“

,

—— --— -.. .. . . .
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AEPENDIXB

DERIVIU!IOIiOF ~ol? m oH?lMlllJET

ENG119EWITH CR WITHDUTIN!URcoom,

OR BOTH

PmssuRE RATIO

IummmTIm,

For the derivation of optimumjetpressureratiofor a
propellerengine,includingthe effcotsof intercoolinaand

17

&

turbine-
reganera-

Ixlon, the followingoperathg and designctitants are-considered:
CT, Cp, c, Cp,t, PI, P2, P4, PO, Tl, T2, T4, Vo, w, ~t,

Ttt np> and q=’● The variablesare: F, p5> p6} *pp} T3#
T5, T6s ~ Vj=

Among the foUouing equatims, thoseequationsthat oon&ti q=
or qxl may be appliedto turbine-propellerengineswithoutregenera-

tion if the valuesof q= and qxl are c~idered zao.

The net thrustof the jet,includingthe effectof‘fuelburned,
‘ is

(EL)

and the propeller*t is

. rp=E!w%
V’()

(B2)

wherethe propellerefficiencyqp alsoaccountsfor the reduction-
gearlosses.

The total*t per unit gas flow is therefore

F ‘o ~—q -q-+
~(l+f/a) ~ Vo(l+f/a)

(B3)

If it is assumedthat 7 and q eze the samefor turbine

and exhaustgases (appendixD), the jetvelocityis givenby

. ------- . .. —-—.._-_ ____ .- —...__ _____ _ —— .—— - .. —- ---- ———- -—
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—

1 (B4)

By deflxlitlon,

(B5)
.

Also, the heat gainedby the compressedair in the regenerator is

equal to the heat lostby the exhaustgasesso -t

w~,n (T3~2) = w(l+f/a)~,fi(T5-T6) (B6)

.

~,xc
T5a(j

cp,ti(l+f/a)‘x.= ~
(B7)

Letting,

(B8) .

then

T6=T5- ~x’ (T5-T2)~ T5(l-~xl) + ~xt T2 - (B9)

The turbine-outlettemperature is

[-1
yt-l.
~.

T5=T4 l-nt

()

P5
The term is introduced at this

~e

(Blo)_()P5l-—
‘4 e

point to renderthe

lossesin an engine
.

.

.
applicableto”pressuresubsequentequations

-— . . . . -.— -.. — —— —-- ... —-
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havinga two-stageturbinewith reheatingbetweenstages(appendixC).
P*

[)

‘4 ‘5rThe effeotiveturbinepressureratio — is equalto — —
Ps e P* P5

P4
withreheatingor ~ ~thout r~-tq=

When equations(B4),(B9),and (BIO)are cabined,

~2[p;~](xt,,.V.J= % 2J@p,t 1- p.

●

.

[1
7%-1

t)

~
‘5L-qt l-—

e

.

The turbinepower per unit gas f16w is

~Pt
=

~(l+f/a)

and the compressorpowerper unit air flow is

2% ‘=‘~~ 550
8

where, withoutintercooling,

ATC =“T2-T1

or with i.ntercooling,

ATC = (TM-T1) + (T2J12i)

) ,
t q=’T,

(ml)

(B12)

(m)

The shaftpoweravailableto tie propelleris the difference
betweenturl)tieand compressorpower;thus,

. . .. —-. ,----- . . .- ___ ,.-. .- ___ - .._.. - .._ _____ ____ ____ ___
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H
7*+* .~tJ@P,tT4 p~ ‘t

()
l-— - ‘-

~(l+f/a)
550

‘4e.
550(l+f/a)

(B14)

The propeller thrust per “tit gas flov is
.

●

[1yt-1

= E!!25?L=~P~@%,tT4 ~ p~ ‘t
()

I)pJg~, ~ AT=-— -.
~(1-tf/a) &@+f/a) ‘o ‘4 e VO(l+f/a)

.

(B15)

By definition,

or

Beoause,

o“P4 P2 .
=K—

<e P~

L)P5=”~’

P— ~
e K—

Po

()5 .——‘4 ‘5r

P5 e P* F5

the valur.of K fi?om

K

equati-im(B16)

‘4 ‘5r
P5 P*

becomes

p4 p5r ‘6 = ‘4 p= ‘6——— —.
‘~P&P2 ‘2 ‘* ‘5

(B16)

(B17)

(B18)

(B19)

.__. .—.. ...— ————— z .—. —-- ----
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“1

“

(B20)

WkIenK is expressedin termsof the total-pressurelossesin
the coldsideof the regenerator,the primaryccmibustionchaniber,
the reheatccmitmstionchamlmr,and the hot sideof the regenerator,
tramequation(B20),

If equatian(B17) is used,the ~et
thrustmay be expressedin termsof the

velocityand the
primsryvariable

(B21)

propeller
‘6/p0

and operatingand designconstants.I!??omequations(Bll)$uld(B17),

I

(B22)
●

lkom equations(BIS) and (BI.7),thepropellerthrustper unit
gas flow As

(B23)

.

....— — .. ———... . . . —-——. — - . -—.-—— -—-—-—————
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When equaticms(B22)and (B23)sre substituted@ equation(B3)s
totalthrustper unit es flow in termsof the jetpressureratio
operating- designconstantsis

‘[ 1
7%4 yt-l

Vo

VO ‘-$$%~)z-%%?
~p%Jf3@,#4—+

l+f/a

.

(B24)”

Yt-1 .

()
Yt.~order to find the valueof

P~
thatwill.&ve mximum

~
7*-1

thrust, the derivative

is set equalto zero.

*

of the totalthrustwith respectto
()

PA
Po

(P)P6 Yt
d—

0

.

(B25)

.

——. —- —— —- ., .-. . .
. .

.
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I

eqwst lona (B24)ad (B25),

\’ J /

(B26)

i
i.
i

I
,

●
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Then
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7t.1

~

1-
()
PA
Poopt

rI
1-’

. . . . -_ .—. — ——- —.Z —- - - —y .- —. —. —... -.. .— . . .
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‘and

‘,

L.

I 7t-1 ‘y~-1 “

I 7+-1

Letting

7%-1

7*

(?)

‘6A=—,

0 C@
.
,

7*-1

V02
‘%,tT4

()
-*

P6
l-— Po&—

7+-1 7+-1

and

R)%JGY’I+(%L%

.

.

c

=2

#-.. —-- ----- . . . . ----- --. —-- --.—— .— .—. .-—.. .— _. ... —-—---- .r ---
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.

equaticm (B28)may h- written

cm

(Upml

When &ation

examination,

(B29)

(B30)

(B30) is Solvesfor A&Z

.=-

r
*

the positivevaluewas foun&to give the destied

.

(B31)

Equation(B32)iS plottedin figure2(a).

.

(B32)

.

. —.——.
.
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P
CJl

P

.

lmREmlm wITEImIiEAT, -oRwITHm

mmsuRE RATIo

IIWERCOOLCHG,

mGEmmTIoN,cmBcYiE

If it is assumed that-reheat occursat the squareroot of the
over-au tnrlxlnepressureratioand thatthe temperatureafter
reheatingIs equal.to the turbine-inlettemperature

alla”

‘5r = ‘4
*

them, for reheating

and

,5=T4[.&$’-q
L

equatim (B24)becomes
.

J

(cl)

.- .-—-. -------- -——-- —— --- -——— .--- —- —— —-. — — -. ——-. —
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7*-1

T

Diffemntlating equation (01) with respmt to

()

P6
d setting equal. to zero

glv’a ~

.

.

.“

,

(C2)

1.361 ‘
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Then

[

.

1

L .

.

(; (M=’)T4 IItK

.

yt-1

-~

r)1-~
Po opt

yt-1

-~
P2 .

()
K—

PO

(C3)

,

,,

.

-- .--— ..— — . ——---- -—--- -—-
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.

Letting

To’
J8~P,tT4

7t-1
.—

%3)]—-1+
‘4

P~

()

7+
A=—

Po opt

,.

(C4)

.

.—. —.— — .- —..— — — ———— ..
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(Cr=K
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y~-1

~

)

P2
—
Po

31

Cv 2 l-q=’ V02u——~ nt Jmp,tT4

(C4) may be written

42Cr(Br+~)
o

A2(A-1)

F2cr

FCr(A-l)
+ =2

2A(Br+~)

When equation(C6) is solvedfor
w

A/%+G=

(C5)

vCr(A-l) -
+— 0

m=

.

(Uponexamination,the positivevaluewas foundto give the
root.)

Equation(C8) is plottedIn figure2(b).

(C7)

#
desired

—.- .-. .— . ..- —.. —-. — . .—-. —-— -- —-— —------—- —----- - - -
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APPENDIX D“
.

DISOUSSIOl?OF ASHMH!IONS

In the analysisfor findingthe optimumset
specificheat at cons-t pr@s~e> ~ W tie

heats 7 for both-the turbineeqion and the

pressureratio,the
ratioof specific

jet expansicmwere
assumed to be the same. For more accurate computation,especially
whenregenerationis used,it may be desirableto use averagevalues
of q and 7 for the jetdifferat from thoseused for the turbine.
The uiie of clifferentvaluesof
not haveany appreciableeffect

ratio ()
*A
Po opt’ but may affect

cycle. For ‘ibis case, equation

~ and 7 for turbineaqd $et does,
upon the optimumjetpressure

the totalpoweroutputof the engine

(B24)becomes

In the developmentof the equationsfor reheat(appendixC),
it was assumedthat the turbinepressureratiosbeforeand after
reheating were equal and thereforewere equalto the squareroot of
the effectiveturbinepressureratioand that the reheattemperature
was equalto the initialturbine-inlettemperature.In referace 2,
it is provedthat these:conditi~ givemaximum,turbinepowerfor an

. agine with two turbineswith reheating. ~ the presentanalysis,
the optimumjetpressureratiodid not varyappreciablyas the reheat
temperaturewas decreasedfrom the turbine-inlettemperatureif the
pressureratiosin eachturbinestagewereheld equal. If, however,
the pressureratioin the firstturbineis eitherconsiderably
increasedor decreasedfrom the squareroot of the over-allturbine

.

Y

.

—. ..—. .. ——. . -..—— —-- .
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pressureratiowhilethe reheattm@rature is maintained
turbine-inlettempmature,the optimumjetpressureratio
and appbcaahesa valuemore
ratiotithno reheating..

1.

2.

equal to the
tioreases

nearly that ‘for-the optimumjetpressure

Kuhl, H.: PreliminaryReporton the Fw@amentalsof the Contmol
of Turbine-Propell&Jet PowerPlants. NACA TM 1172,1947.

English,RobertE., and Hauser,CavourH.: A Methodof Cycle
-is for firc~t Wsmbfie POW= PlantsDriving
Propellers.19ACATM 1497,1.948.
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